To quantify the rate at which light in a ganzfeld produces photoisomerizations in mouse rods in situ, we measured the rate of rhodopsin bleaching in eyes of recently euthanized mice with fully dilated pupils. The amount of rhodopsin declined as a first-order (exponential) function of the duration of the exposure at the luminance of 920 scot cd m
Introduction
The vision researcher routinely quantifies light stimuli in photometric or radiometric units, but the retina understands only one unit, that of photoisomerizations. Thus, many processes in the eye, ranging from its electrical signaling of light (Barlow, Levick, & Yoon, 1971; Baylor, Lamb, & Yau, 1979; Baylor, Nunn, & Schnapf, 1984; Freed, 2000; Lennie, Hertz, & Enrothcugell, 1976; Sampath & Rieke, 2004; Saszik, Robson, & Frishman, 2002) , to its response to the bleaching byproducts that may give rise to light damage (Ben Shabat et al., 2002; Grimm et al., 2001; , are determined by the number or rate of photoisomerizations. It is thus of intrinsic interest and experimental utility to be able to convert the luminance of a visual stimulus imaged on the mouse retina into a rate of photoisomerizations.
Unfortunately, conversion of the luminance of an extended stimulus into a rate of photoisomerizations per photoreceptor in the area of the retina to which the stimulus is imaged requires a number of assumptions. These include assumptions about the size of the mouse eye, its pupil area, its optics, and the transmissivity of the prephotoreceptor ocular media, as well as assumptions about the size of and the axial transmission of light and its absorption in the photoreceptors themselves (Alpern, Fulton, & Baker, 1987; Breton, Schueller, Lamb, & Pugh, 1994; Lyubarsky & Pugh, 1996; Rodieck, 1998; Sazik et al., 2002; Wyszecki & Stiles, 1982) . The accuracy of the individual assumptions can be difficult to assess, and so questions inevitably arise when critical conclusions rest on the conjunction of many of them.
In this paper, we contribute to the problem of converting light stimulation in a ganzfeld to rod photoisomerizations in two widely used strains of mice, the pigmented strain C57BL/6 and the albino strain, 129P3/J. Firstly, we summarize the relevant facts and formulas for making the conversion ''from first principles'', and give the result. In this summary, we employ as many independent facts and constraints about the mouse eye as possible, and attempt to assess their mutual consistency. Secondly, we measure the rate of rhodopsin bleaching induced by a calibrated ganzfeld stimulus to which the mouse eye is exposed in the absence of regeneration. The latter measurements allow us to circumvent some of the assumptions involved in the ''first principles'' approach and to directly evaluate others.
Having estimated the relationship between the rate/ number of photoisomerizations and the scotopic luminance of an extended source, we then determine the sensitivity of rod-driven components of the ERG in units of photoisomerizations. Finally, we provide an estimate of the influence of light rearing intensities in these two strains on retinal function, as evaluated with various parameters of the ERG. Several surprising phenomena emerged which suggest a major difference in the manner in which the retinas of C57B1/6 and 129P3/J adjust to moderate intensity, non-damaging illumination levels.
Methods

Mice and procedures for their use in experiments
All animal procedures were performed in adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and in accord with protocols approved by the University of Pennsylvania Animal Care and Use Committee. Six week old mice were obtained from Charles River (Wilmington, MA). Animals were reared on a 12:12 dark:light cycle (8:00 AM-8:00 PM, 2.5 photopic lux), and dark-adapted overnight before experiments. The boxes in which the animals were reared were light-tight, and had baffles that produced nearly homogenous illumination on different surfaces. Animals used in the bleaching experiments were 8-10 weeks old, and thus had been maintained in our controlled light-rearing facilities for at least two weeks. Animals of younger age used in experiments were born and raised in our light-controlled rearing conditions from breeders. Before an experiment commenced, the pupil of the animal was dilated by application of a cocktail containing 2% atropine and 1% phenylephrine (both from Sigma, St. Louis, MO).
Rhodopsin bleaching, regeneration and quantification
In order to prevent pigment regeneration the bleaching experiments were performed with euthanized animals. Approximately 10 min after the application of the atropine/phenylephrine mixture, when the pupils were visibly fully dilated, mice were sacrificed by CO 2 inhalation with subsequent cervical dislocation under dim red light, and immediately suspended in the center of the illumination chamber on a clear plastic plate. The chamber consisted of an aluminum box whose interior was coated with a flat white paint, and in whose corners were mounted 8 halogen bulbs. The bulbs were baffled to prevent direct illumination of mouse eyes. This chamber provided practically isotropic illumination with no more than 5% deviation from the mean level: thus, it was a ganzfeld. After illumination both retinas were immediately harvested through a slit in the cornea and placed separately into 1.5 ml centrifuge tubes containing 0.65 ml deionized water (dH 2 O), and sonicated using a model 250 sonifier (Branson Ultrasonic Corporation, Danbury, CT) equipped with a 1/8 00 microtip by 15 pulses at a power setting of 1.5 and duty cycle of 0.1. After the sonication two 300 ll aliquots, one for rhodopsin measurement and the other for opsin measurement, were drawn from the retina homogenate. To measure rhodopsin hydroxylamine and cetyltrimethylammonium chloride (CTACl; Sigma, St. Louis, MO) were added to a final concentration of 100 mM and 0.2%, respectively, to the aliquot, which was then incubated at 37°C for 30 min (the incubation time and temperature were identical to that used to measure the total opsin; as described below). The difference spectrum before/after complete bleaching in the recording cuvette was recorded with a Lambda 20 spectrophotometer (Perkin Elmer, Wellesley, MA) over the range 400-700 nm. The digitized spectrum was saved and processed offline: a baseline was automatically fitted to the nominal absorbance from 630 to 700 nm, and the rhodopsin concentration calculated from the change in absorbance at 500 nm using a molar extinction coefficient of 42,000 cm 2 mmol À1 . To measure the total concentration of opsin, 11-cis retinal in ethanol (EtOH) was added to a second aliquot of the retinal homogenate to a final concentration of 15-25 lM (this corresponded to at least 20-fold excess of 11-cis retinal relative to opsin, with EtOH < 0.7%). The sample was then incubated at 37°C for 30 min, and the concentration of rhodopsin determined from a bleaching difference spectrum in the same manner as described above. The fraction of unbleached rhodopsin in the eye was defined as the ratio of the amount of rhodopsin in the unregenerated sample to that in the regenerated sample. The advantages of this procedure for estimating the fraction of rhodopsin bleached are its immunity to variations in the rhodopsin mass between animals, and to variations in the fraction of the total opsin recovered in the process of harvesting retinas.
In separate experiments we measured the total rhodopsin content of the eye using the method of Saari et al. (2001) to solubilize the entire contents of the eye, and difference spectroscopy as described above. These measurements confirmed that $600 pmol rhodopsin can be recovered from a dark adapted adult C57BL/6 mouse eye.
Light calibrations
Given that the mouse is situated in a ganzfeld (in which the intensity of light arriving at the location of the pupil is the same from every direction), the relationship between the scotopic luminance L v 0 of the ganzfeld wall and the photon flux F captured per unit area of the mouse pupil (or by a planar sensor surface) can be expressed as follows:
where the units of the quantities in Eq. (1) are as follows:
(scot cd m À2 ); 1 the factor 1.5 · 10 15 converts scotopic lumens to photon flux, and has the units (photons s À1 lumen À1 ). (Wyszecki & Stiles, 1982, Table 1 (4.4) , ''circular disk'' case with a = 90°). From Eq (1) it follows that a ganzfeld of luminance L v 0 = 1 scot cd m À2 produces a luminous flux density at the pupil plane of 4700 photons lm À2 s À1 at k = 507 nm. (For a helpful discussion of this and related conversions, see Sazik et al., 2002 .) The use of scotopic luminosity units automatically adjusts for the spectral sensitivity of rhodopsin in situ, and so the scotopic flux of ganzfeld of arbitrary spectral distribution can be converted into a flux of equivalent photons of 507 nm, the k max of the human scotopic luminosity function. The mouse scotopic sensitivity function is somewhat shifted toward shorter wavelengths from that of the human eye, although the two species rhodopsins have k max Õs of 498 nm and 497 nm, respectively-- (Yokoyama & Yokoyama, 2000) . Specifying the conversion in 500 nm--equivalent photons slightly reduces the conversion factor, but this effect is negligible.
The flux of continuous light (unit: scotopic lux) at the position of the mouse pupil in the bleaching ganzfeld was measured with a CentroVision photodiode radiometer (OSI Systems, Inc., Newbury Park, CA), equipped with a glass filter (BG23, Oriel, Newport-SpectraPhysics, Franklin, MA) which caused the photodiode to have a spectral sensitivity closely matching the absorbance spectrum of rhodopsin.
For ERG experiments we used monochromatic stimulation, except for the most intense flashes (used to get a-waves of saturated amplitude). To quantify monochromatic flashes a PIN-5UV factory-calibrated silicon photodiode (United Detector Technologies, Hawthorne, CA) was used and the energy of flashes measured and converted to units of photons lm À2 according to the diode specifications and standard formulas (Wyszecki & Stiles, 1982) . When used to measure 500 nm monochromatic light in a collimated beam, the irradiance obtained from PIN-5UV diode agreed with those obtained with the Centrovision radiometer within 15%; for consistency, when we used the Centrovision radiometer to measure broadband light, we adjusted for this 15%.
A difficulty arising from the use of planar detectors to measure illumination at the pupil plane in a ganzfeld is that the sensor surface is typically mounted in a recessed cavity that restricts its field of view. This difficulty can be accommodated with the following expression:
Here F is the measured irradiance, h is the angle from any point of the ganzfeld to the axis perpendicular to the pupil or sensor surface, and h crit is 1/2 the angular specification of the field of view; thus if the field of view is 120 deg, h crit = 60 deg. Eq. (2) is in fact a generalization of Eq (1) for a pupil with a limited acceptance angle; by setting h crit = p/2 in Eq. (2), one obtains Eq.
(1), which applies to a pupil or sensor with a field of view of an entire hemisphere. We corrected the fluxes measured with each sensor with Eq. (2): thus, we multiplied the measured photon flux F by the factor 2/[1 À cos(2h crit )]. In theory, one can avoid the complication of Eq. (2) by using a device that can measure radiance/luminance, that is, the flux arriving at the sensor from each direction per unit area of the ganzfeld wall, but this was not practical in the fully enclosed ganzfelds we employed. We used broad-band illumination in the ganzfeld box employed for the bleaching experiments. The spectral distribution of the light could affect the time course of bleaching through a change in ''self-screening'' by rhodopsin in the rods: as rhodopsin is bleached, self-screening of light near its k max will predictably diminish, so that the fractional rate of bleaching (i.e., the rate, relative to the remaining unbleached rhodopsin) will increase with exposure duration. To examine this possibility, we measured the spectral distribution of the bleaching light with a spectroradiometer (USB2000, Ocean Optics, Orlando, FL), and calculated the rate of photon capture from the bleaching source with and without self-screening (cf. Eqs. (8) and (9)). We found the predicted difference in initial bleaching rate with and without self-screening to be about 27%, and with a related analysis of the spectral distribution found the effective wavelength of the bleaching source to be 523 nm. No attempt was made to correct for this effect.
Light-rearing conditions
We present the effects on the electrical function of the retina of rearing mice under two illumination conditions: 2.5 (photopic) lux and 100 (photopic) lux. Because C57B1/6 mice are standard animals for much vision research, including targeted gene manipulations, they were used. Because albino animals are also employed in many vision experiments, we also reared 129P3/J mice under the same conditions. The retinal illumination produced in the two strains by the two illumination levels differ by a much greater amount than expected from consideration only of the illumination, as follows. First, in the conversion from photopic lux (reported by most illuminometers) to scotopic lux, the spectral distribution or ''color temperature'' of the light source must be considered. Thus, in our light-controlled rearing boxes, the 2.5 lux illumination employed incandescent lights and was somewhat shifted to the red end of the spectrum relative to that of the 100 lux illumination, which was generated with fluorescent lamps. We used a light detector (PMA2200, Solar Light Co., Philadelphia, PA) with a scotopic filter (PMA2131) and standard formulas (Wyszecki & Stiles, 1982) , and estimated that the 2.5 photopic lux rearing illumination corresponds to 1.6 scot lux, and so to a luminance of 1.6/p = 0.5 scot cd m À2 (Eq. (2)) and that the 100 photopic lux rearing illumination corresponds to 240 scotopic lux and so to 240/p = 76 scot cd m À2 . Secondly, the effect of the pupil of the pigmented and albino mice is widely divergent. From our previous work, we expect that a C57B1/6 mouse with a healthy pupil response should have a fully contracted pupil of area $0.1 mm 2 in both the 2.5 lux and 100 lux rearing conditions (Pennesi, Lyubarsky, & Pugh, 1998) . Thus, the retinal illuminance (in scotopic Trolands), defined as the pupil area multiplied by the ganzfeld luminance, should be 0.5 · 0.1 = 0.05 and 76 · 0.1 = 7.6 scot Td for the C57B1/6 mice for the 2.5 and 100 lux rearing illumination conditions, respectively. In contrast, the unpigmented iris of the 129P3/J mice will present no effective barrier to light under either illumination condition. As a rough estimate of the effective pupil area, we can treat the anterior segment of the eye as a hemisphere into which light can readily penetrate. Since the eye has a diameter D $ 3.3 mm (cf. Fig. 1 ), the effective pupil area will then be $p(D/2) 2 = 8.9 mm 2 . Thus, the retinal illuminance for the 129P3/J mice is expected to be roughly 0.5 · 8.9 = 4.5 and 76 · 8.9 = 676 scot Td for the 2.5 and 100 photopic lux rearing illumination conditions, respectively. These retinal illuminance levels can be converted into photoisomerizations rod À1 s
À1
with the conversion factors determined from the experiments we will present. In summary, the retinas of the albino mice are expected to have received approximately 70-fold higher retinal illumination than the pigmented mice, under both conditions.
ERG recordings and analysis
The methods of recording ERGs have been described previously (Lyubarsky, Falsini, Pennesi, Valentini, & Pugh, 1999; Lyubarsky & Pugh, 1996; Lyubarsky & Pugh, 2002; Pugh, Falsini, & Lyubarsky, 1998) . The following parameters were derived from analysis of the ERG data. Remtulla & Hallett, 1985, with permission) . A circle (thin black line) has been drawn on the image such that the circle is very nearly tangent with both the corneal surface (at left) and the rear of the retina (pale layer at whose middle is the optic nerve), and two radii have been drawn on the circle that intersect the retina at its most anterior points. No dimensions were given in the original figure but the average thickness of the components reported: however, Remtulla and Hallett (1985) report that the distance from the anterior of the cornea to the anterior choroid is 3.37 ± 0.04 (means ± SEM); this should be approximately the diameter of the circle superimposed on the figure, and thus, the diameter of the eye when viewed along a line perpendicular to the pupil aperture. The retina is seen to extend $10°beyond the 180°angle that would make it a hemisphere.
Sensitivity of the scotopic b-wave. Flashes estimated to produce between 0.1 and 10 photoisomerizations rod
À1
were recorded and the dependence of their peak amplitudes on flash intensity fitted with a hyperbolic saturation function of the form
where b rod is the peak amplitude of the response, b rod,max the saturated amplitude, IDT the integrate flash intensity, and I 1/2 DT the half-saturating value. Amplification of the rod phototransduction cascade. A model of the rod phototransduction cascade (Lamb & Pugh, 1992; Pugh & Lamb, 1993) was fitted to the leading edge of the murine a-wave response as described in Lyubarsky and Pugh (1996) :
where a(t) is the a-wave, a max its saturated amplitude, U the flash intensity expressed in photoisomerizations rod À1 , t eff a brief delay ($3 ms), and A the so-called ''amplification constant'' which is to be estimated from the a-wave data. To avoid the assumptions implicit in expressing the flash intensity in terms of photoisomerizations, Eq. (4a) can be cast in terms of the time-integrated ganzfeld luminance IDT of the flash:
Comparison of the expressions (4a) and (4b) shows that IDTA 0 = UA, so that A 0 = A(U/IDT); thus, with IDT expressed in scot cd s m À2 , U/IDT has the units of photoisomerizations (scot cd s m À2 ) À1 , i.e., is a conversion factor whose estimation is a goal of this investigation. For convenience will identify this conversion factor by the symbol CF I when the light intensity is specified in luminance units (scot cd m À2 ); when the light intensity is given in Trolands, the unit of retinal illuminance, we will identify the conversion factor by the symbol CF Td .
Sensitivity of cone-driven pathways assayed by cone b-wave. While a second focus of this report is on quantifying rod-driven components of the ERG, we also present ERG results obtained from the cone-driven components of the ERG. The procedures for isolating the cone-driven components of the ERG are described in detail in Lyubarsky et al. (1999) and Lyubarsky and Pugh (2002) . Because the mouse has two cone pigments, with k max Õs of about 360 and 508 nm, it is important to characterize the cone-driven components of the ERG with both ultraviolet and mid-wave flashes. The absolute sensitivity of the cone-driven b-wave for an ultraviolet flash (where the sensitivity is maximum) is defined as
where b cone is the peak amplitude (in lV) of the response to an ultraviolet flash of intensity IDT (typically expressed in photons lm À2 ), ''at the cornea''. To apply Eq. (5) the response must be measured in the range of intensities over which amplitude is a linear function of intensity (cf. Lyubarsky et al., 1999) . A definition parallel to Eq. (5) applies to the absolute sensitivity s M of the response driven by a mid-wave (''M'') flash. We also define the fractional sensitivity of the cone-driven as the fraction of total cone-generated b-wave per unit of light intensity:
with a similar definition for SM. Fractional sensitivity is useful because it eliminates potential variation in the absolute magnitude of the ERG, which can arise, for example, from electrode placements. Use of Eq. (6) to characterize the cone-driven b-wave sensitivity is equivalent to use of Eq. (3) to quantify the sensitivity of the scotopic b-wave: thus for intensities such that IDT ( I 1/2 DT, Eq. (3) can be transformed to b rod /(b rod,max -IDT) = 1/I 1/2 DT, so that 1/(I 1/2 DT), the reciprocal of the semi-saturation constant, gives the fractional sensitivity.
Results
Conversion of light to photoisomerizations in the mouse eye from ''first principles''
Consider a monochromatic stimulus of wavelength k that produces a photon density F(k,t) over time at the plane of the cornea in a ganzfeld; for simplicity assume that the stimulus is a pulse of duration DT, so that the time-integrated photon density is Q(k) = F(k)DT photons per unit area in the plane of the pupil. The average number of photoisomerizations U produced by such a flash in a population of photoreceptors homogeneously distributed over the retina can be estimated with the formula (Lyubarsky & Pugh, 1996) U ¼ QðkÞ sðkÞ S pupil S retina a c ðkÞ ð 7Þ
where s(k) is the transmission of the pre-photoreceptor ocular media for light of wavelength k, S pupil and S retina the areas of the pupil and the retina, respectively, and a c (k) the ''end-on collecting area'' of the photoreceptor. Further description of these factors and the updated values adopted in this study are given immediately below. A potential difficulty with Eq. (7) is that it implicitly assumes that the total light flux captured by the pupil, Q(k)S pupil , is spread homogenously over the retina. We will return to this issue in Section 4.
Estimation of the factors involved in the conversion
Transmission by the pre-retinal media. The transmission s(k) of the pre-photoreceptor media of the mouse eye has not been measured, but Alpern et al. (1987) have made such measurements in the rat. Because Alpern et al. found that most of the loss to in the neural retina whose thickness is the same in both species, we have adopted their transmission spectrum; at k = 500 nm,
Surface area of the retina available for light capture. The optics of the mouse eye have been characterized by Remtulla and Hallett (1985) , who found its dimensions and optic parameters to be stable over the age bracket 8-32 weeks. On a cross section of the eye, a circle can closely circumscribe the portion of the eye from the cornea to the posterior retina ( Fig. 1 ): with the axial dimensions given by Remtulla and Hallett (1985) , the radius of the superimposed circle in Fig. 1 is 1 .68 mm. The capture of light by photoreceptors begins at the inner segment ''waveguide entrance'' (Enoch & Tobey, 1981) , which is removed from the choroidal surface by a distance that is about 40 lm, and so the radius of the retinal surface at which light enters the rods should be $1.64 mm. The surface area of the retina (relevant to light capture by the photoreceptors) treated as a hemisphere then becomes S retina = 2p(1.64) 2 = 16.9 mm 2 . However, the extension of the retina about 10°beyond the hemispheric equator (Fig. 1 ) will add another 2 mm 2 , while the optic disc will slightly reduce the total. Thus, one estimate of the retinal surface area is 19 mm 2 . Jeon, Strettoi, and Masland (1998) , in their thorough characterization of the numbers and densities of cell types in the retina provide another estimate, reported the average total surface area of fixed, flat-mounted retinas of 3 adult C57BL/6 mice to be 16.5 mm 2 (cf. Sazik et al., 2002) . A compromise between these two estimates would be their average, 17.8 mm 2 . The total light entrance aperture area of the rods cannot exceed this value.
Total number of rods. Jeon et al. (1998) report the average density of rods in the C57BL/6 mouse to be 4.37 · 10 5 mm À2 and the total number of rods/retina to be $6.4 · 10 6 (cf. Fig. 2 ). Rod density varies across the retina, being more than 40% lower at the most eccentric positions and near the optic disc, than at the regions where it is highest (Jeon et al., 1998) .
Dimensions of a single rod outer segment. The ultrastructure of mouse photoreceptors has been characterized in the thorough electron microscopic investigation of Carter-Dawson and LaVail (1979) . According to the latter investigators, the average dimensions of the adult C57B1/6J mouse rod outer segment are as follows:
length, 24 ± 0.4 lm; diameter, 1.4 lm (uniform throughout the length). These linear dimensions imply that the envelope volume of the average mouse rod outer segment is 37 lm 3 = 37 femtoliters (fl), and that the surface area of one face of a disc is 1.54 lm 2 . Carter-Dawson and LaVail (1979) also report that the spacing of the discs in the mouse rod outer segment is 41.3 ± 0.9 discs lm À1 , implying that the disc-repeat distance is 244 Å , and that the outer segment has an average of 991 discs. Thus, the total disc membrane surface area of an average mouse rod is 991 · 2 · 1.54 = 3050 lm 2 . In another commonly investigated rodent species, the albino rat, the rod outer segment length varies with retinal eccentricity, and with the illumination of the rearing condition (Penn & Williams, 1986; Williams & Thistle, 1998) . It seems likely that similar variation also occurs in mice.
Total amount of rhodopsin per retina. When rhodopsin is extracted by solubilizing in detergent the entire eye except for the anterior segment, the total amount of rhodopsin extracted from the adult mouse eye is $600 pmol (660 ± 60, Driessen et al., 2000 , C57BL/ 6 · 129 Sv; 600 ± 30 pmol, Saari et al., 2001, albino, principally 129 Sv) . Using the method of Saari et al. (2001) , which solubilizes the entire content eye excepting the anterior segment, we have measured $600 pmol/eye in adult C57BL/6. Since some loss is inevitable in an extraction, 600 pmol should be considered a lower limit on the total.
Rhodopsin concentration in the mouse rod. A concentration of rhodopsin in rods of $3 mM has been confirmed by many microspectrophotometric investigations of amphibian (Harosi, 1975; Liebman, 1972) and Fig. 2 . Tangential section of mouse retina taken at the inner segment layer (from Jeon et al., 1998, with permission) . The dark spots are regions are stained with diamino benzidine reaction product, and reveal the inner segments of cones. The rod inner segments are seen to form a tight mosaic that occupies most of the retinal area at this level.
also mammalian rods (Harosi, 1987) . If the concentration is taken to be 3 mM, a rod having the dimensions reported by Carter-Dawson and LaVail (1979) would have 37 · 10 À15 (liter) · 0.003 (mol/liter) · 6.02 · 10 23 = 6.8 · 10 7 molecules. Using the rod count of Jeon et al. (1998) , the total mass of rhodopsin per retina is predicted to be 37 · 10 À15 (liter) · 0.003 (mol/ liter) · 6.4 · 10 6 (rods) = 710 · 10 À12 (mol), i.e., 710 pmol. This prediction is in fair agreement with direct measurements of total rhodopsin/eye, and given that the outer segments of rods in the peripheral retina may be shorter than in the central retina, makes it unlikely that the number of rhodopsin molecules per average rod exceeds 7 · 10 7 molecules, and so the latter value will be adopted here. Given a total disc membrane surface area of 3050 lm 2 per rod, the surface density of rhodopsin in the disc membrane is 23,000 molecules lm À2 .
End-on collecting area of a single mouse rod in situ. The end-on collecting area, a c of a rod represents the light-capture area provided by its total rhodopsin content, disposed as it is in the disc membrane. A widely accepted formula for the end-on collecting area is the following (Baylor et al., 1984) :
In Eq. (8) d is the outer segment diameter, DD(k) the specific axial density of rhodopsin at wavelength k, L the length of the outer segment, c the quantum efficiency of photoisomerization and f P 1 a dimensionless factor that accounts for any light funneling. The values of d and L are 1.4 lm and 24 lm (see above) and c = 2/3. For k = k max , the specific axial density predicted for a rhodopsin concentration of C = 3 mM is
where the factor 1.5 accounts for the increase in absorbance due to the orientation of the rhodopsin chromophores parallel the disc membrane, i.e., due to the rodÕs dichroism. Specific densities as high as 0.018 o.d. units lm À1 have been recorded for mammalian rods (Harosi, 1987) , but such measurements are likely to be somewhat diminished in mammalian rods by the physical limitations of illuminating a cylindrical structure only 1.4 lm in diameter (Govardovsky, personal communication).
Funneling. It can be argued that funneling must occur to some extent on the following grounds: first, it has been demonstrated in all photoreceptors yet investigated that light guiding and capture begins in the ellipsoid region of the inner segment (Enoch & Tobey, 1981; Horowitz, 1981) , which is invariably larger in diameter than the outer segment (especially in cones); secondly, as seen in Fig. 2 , the photoreceptor inner segments of mouse rods occupy almost the whole cross sectional area of the retina, suggesting that their packing is indeed organized to maximize light capture. In contrast, the outer segments do not cover the retinal surface: thus, the cross sectional area of an individual rod outer segment is p(d/2) 2 = p0.7 2 = 1.53 lm 2 , and so the 6.4 million rods of the adult C57BL/6 retina have a total cross-sectional area of 9.9 mm 2 , less than 60% of the 17.8 mm 2 area potentially available for light capture (see above). While it is doubtful that all the light reaching the inner segment layer is funneled to the outer segments (in which case f = 17.8/9.9 = 1.8), it is seems likely that the factor f is greater than unity, and we will take it to be 1.3, which implies that roughly 40% of the light reaching the inner segment layer is not guided to the outer segment.
End-on collecting area of the rod. With all the parameters in Eq. (8) thus specified, the end-on collecting area is estimated to be a c (k max ) = 0.87 lm 2 . This latter estimate updates a previous value (1.3 lm 2 ; Lyubarsky & Pugh, 1996) with more extensive information and analysis, and is close to the value implicit in the clear analysis of the light capture by mouse rods presented by Sazik et al. (2002) . We previously collected all the terms to the right of Q(k) in Eq. (7) into a single constant, a c,cornea the ''end-on collecting area of a rod at the pupil'': inserting the numerical estimates of the parameters given in the previous paragraphs in this expression given, a c,cornea = 0.11 lm 2 , about 1/2 our previous estimate (Lyubarsky & Pugh, 1996) .
Area of the dilated pupil. To effect the conversion of Eq. (7), one more quantity is required, S pupil the area of the mouse pupil. As the measurements of rhodopsin bleaching reported here involved recently euthanized mice, we imaged the pupil before and after euthanasia (Fig. 3) . We measured the pupil areas of 5 C57B1/6 mice in this manner, and found no reliable differences in the pupil areas between a period of 10 min after application of the dilating agent (2% atropine and 1% phenylephrine) and 20 min later, before and after the animal was euthanized and the eye enucleated. The average dilated pupil area was 3.2 ± 1.0 mm 2 (mean ± s.d., n = 5 mice), and the average diameter of the eye 3.3 ± 0.1 mm; the latter value is the same as that expected from the results of Remtulla and Hallett (1985) ; (cf Fig. 1 ). We also examined the possibility that the specific dilating agents affect the pupil areas differently, and found no differences in the pupil areas with several commonly used agents.
Conversion of light to photoisomerizations in the mouse eye. For convenience, we have gathered all the facts and constraints involved in the conversion ''from first principles'' into tabular form (Table 1) . By combining Eqs. (1) and (7) we have the following relation for the number of photoisomerizations rod À1 produced by ganzfeld stimulus of scotopic luminance I and duration DT:
U ¼pIDT Â 1500 Â sðkÞ S pupil S retina a c ðkÞ ð 10aÞ
¼IDT S pupil 4713 Â sðkÞ S retina a c ðkÞ ð 10bÞ
In Eq. (10a) the factor ''1500'' has been substituted for ''1.5 · 10 15 '' in Eq. (1), to convert the flux density at the pupil plane from photons m À2 to photons lm
À2
for consistency with the unit (lm 2 ) adopted for a c . In Eqs. (10a) and (10b), the terms IDTS pupil have been grouped, because the product of the luminance and the pupil area expressed in mm 2 , IS pupil , has the unit Troland. From Eq. (10) we thus have the estimate that a ganzfeld stimulus of wavelength 500 nm generating a retinal illuminance of 1 scotopic Troland produces an The first column identifies a particular feature of the mouse eye, with the second giving its unit of measure and third its value or magnitude. The final two columns give figures and equations in this paper in which the feature is measured or plays a role. The final column gives a reference for the value cited. Error terms are standard deviations. Pupil dimensions are for euthanized mice. Fig. 3 . Measurements of the mouse pupil. Three images taken of the same eye of an anesthetized mouse. The leftmost image was taken immediately after exposure to the dilating agent, the middle image 17 min after exposure. The mouse was sacrificed about 10 min later, and the image at right was taken about 5 min later, after the eye was enucleated. The three bars show a portion of a metric scale, ruled at 1 mm spacing, which was imaged under the same conditions as the mouse eye. Three white lines have been superimposed on the pupils: these give the pupil diameters as (from left to right) 0.6, 1.8 and 2.0 mm, corresponding to areas of 0. 
Quantification of rhodopsin bleaching in situ
The results of an experiment in which the fraction of rhodopsin bleached by exposure of a very recently euthanized mouse to a ganzfeld luminance of 920 scot cd m À2 for 60 s are given in Fig. 4A . The results of applying the same protocol to a population of C57B1/6 and 129P3/J mice exposed to the same ganzfeld luminance for various durations are summarized in Fig. 4B have been fitted to the data, where Rh(t)/Rh total is the fraction of rhodopsin present in the eye after an exposure of duration t, and Rh total is the total amount of rhodopsin prior to bleaching (estimated as the amount recovered after complete regeneration), and where the expression in Eq. (11b) presents the dependence on luminance I explicitly. The rate constants of bleaching were k 0 = 0.026 s À1 and 0.0076 s À1 for 129P3/J (albino) and C57B1/6 (pigmented) mice, respectively. A useful . Gray trace (''Unregenerated''): bleaching difference spectrum of an aliquot of the sample of untreated, solubilized retina. Black trace (''Regenerated''): bleaching difference spectrum of an aliquot of the sample of the solubilized retina which was regenerated for 30 min with 11-cis retinal at 37°C. The rhodopsin concentrations in the unregenerated and regenerated samples are 0.33 and 0.61 lM, respectively; thus, the fraction bleached by the exposure was (0.61À0.33)/0.61 = 0.46 Since the retina was solubilized in 0.72 ml dH 2 O, the total rhodopsin extracted from the eye was 0.61 · 10 À6 · 0.00072 = 440 pmol. (B) Estimation of the rate of bleaching by ganzfeld illumination. Each point is the means ± SD of data of four mice exposed shortly after they were sacrificed to a ganzfeld luminance of 920 scot cd m À2 for the duration indicated by the abscissa value. The smooth curves represent exponential decay functions of the form of Eq. (11) obtained by least-squares fitting; graphed in the semilog coordinates, these decays are straight lines, with slopes of magnitude 3.3 · 10 À3 (C57B1/6) and 0.011 (129P3/J) log 10 units/s, corresponding to first-order rate constants of k 0 = 0.0076 and 0.026 s À1 , respectively. (C) Bleaching dependence on integrated retinal illuminance. The data of panel (B) have been replotted with the ordinate on a linear scale and with the abscissa now specified in units of scotopic Troland s, obtained by multiplying the product I · t from panel (B) by the average area of the dilated mouse pupil, 3.2 mm 2 for the C57B1/6 mice and 8.9 mm 2 for the 129P3/J mice. The effective pupil area of the albino mouse was obtained by treating the anterior segment as transparent, so that the aperture is simply the cross sectional area of a hemisphere of the diameter of the eye (see Section 2). The theory trace is given by Eq. (12b), with Q e = 3. In Eq. (12a) k = k 0 /I, and the dependence of the fraction of rhodopsin bleached on the integrated luminance (''It'') is given: thus, k = 2.8 · 10 À5 and 8.3 · 10 À6 s
À1
(scot cd m À2 )
for 129P3/J and C57B1/6 mice, respectively.
The rate of bleaching in the experiment of Fig. 4 must be affected not only by the ganzfeld luminance, but also by the area of the pupil. To accommodate this dependency, Eq. (12b) substitutes for the rate parameter k the ratio S pupil /Q e and in doing so reexpresses light in terms of the product of the pupil area, S pupil (in mm 2 ) multiplied by It, the time-integrated luminance (for comparable human data, cf. Alpern, 1971; Alpern & Pugh, 1974; Rushton & Powell, 1972) . As described above, we measured the area of the dilated pupils of the C57BL/6 mice to be 3.2 mm 3 , and estimated the effective pupil aperture of the 129P3/J mice to be 8.9 mm 2 by assuming the anterior segment to be a transparent hemisphere of radius 1.68 mm (cf. Fig. 2 ).
Using these values for the pupil apertures, we replotted the light intensities in terms of retinal illuminance, i.e., in units of scot Td s (Fig. 4C) . The good coincidence of the data of the two strains in this graph shows that the larger effective pupil area is the main factor underlying the higher rate of bleaching in the albino strain: thus, the 3.4-fold higher rate of bleaching in the 129P3/J mice predicts a pupil aperture (compared to the C57B1/6) of 3.4 · 3.3 mm 2 = 11.2 mm 2 , reasonably close to that (8.9 mm 2 ) obtained from simple geometric considerations (see Section 2). The theoretical curve drawn through the data in panel C is generated with Eq. (12b), with Q e = S pupil /k = 3.87 · 10 5 scot Td s. Finally, since the initial rate of bleaching can also be expressed as the number of photoisomerizations rod À1 s À1 divided by the total number Rh total of rhodopsin molecules per rod, one can deduce from Eq. (12) the factor governing the conversion from Trolands to photoisomerizations as CF Td = Rh total /Q e = 181 photoisomerizations rod À1 (scot Td s) À1 , given Rh total = 7 · 10 7 . Since the theory trace can describe the bleaching data of both pigmented and albino strains, a single conversion factor applies for the albino and pigmented strains, once the different effective pupil areas have been taken into consideration. The value of the conversion factor derived from the bleaching results (CF Td = 181) is very close to that obtained from the ''first principles'' analysis (CF Td = 161), although many fewer assumptions were made.
As a general summary of these results, we average the two estimates to obtain a single value, CF Td = 171, which we assume applies to both C57BL/6 and 129P3/ J mice. The conversion from scotopic luminance involves the pupil areas. For the C57B1/6 mice, we measured it to be 3.2 mm 2 , so we obtain CF I = 550 photoisomerizations rod À1 s À1 (scot cd m À2 ) À1 for a mouse with a dilated pupil in a ganzfeld. For the 129P3/J we assume the effective pupil to be $3-fold larger, so that CF I = 1650.
A potential problem with the analysis presented of the bleaching data is that it neglects the effect of selfscreening: thus, given that rhodopsin is present at 3 mM in the rod, rhodopsin molecules at the tip of the outer segment will be illuminated by only 10 ÀDD(500)L = 10 À0.45 = 35% as much 500 nm light as rhodopsin molecules at the base of the outer segment (Eqs. (8) and (9)). By analyzing the spectral distribution of the bleaching light, we concluded that the effect of self-screening, if present, was small (see Section 2).
Validation of the protocol for measuring rhodopsin bleaching in situ
Concerns about the protocol used to measure the fraction of rhodopsin bleached (Fig. 4A) are the possible degrading action of hydroxylamine and CTACl on the visual pigment and incompleteness of the process of rhodopsin regeneration. Fig. 5A demonstrates that the first of these concerns is ungrounded: incubation with the hydroxylamine/CTACl cocktail at 37°C for 40 min resulted in no rhodopsin bleaching. In this experiment the measurements were performed on aliquots on the solubilized retinas of dark adapted mice which were maintained under identical conditions in darkness until the measurement was made.
A second concern is that incubation with 11-cis retinal or with the vehicle at the concentrations used might degrade rhodopsin. Fig. 5B shows that this is not the case: aliquots incubated for 30 min at 37°C with and without 11-cis retinal in EtOH or EtOH alone have indistinguishable amounts of rhodopsin. However, by 42 min there was a small (but statistically insignificant) loss of rhodopsin.
A third issue concerns whether or not complete regeneration of a sample of bleached mouse rhodopsin can be achieved in vitro. Fig. 5C presents the time course of the regeneration: at 30 min of regeneration was 97.6 ± 8.8% (means ± SEM), indistinguishable from 100%, and so we adopted 30 min as the standard time. Unexpectedly, such practically perfect reconstitution could be achieved only if the regeneration reaction was run in deionized H 2 O (dH 2 O). In PBS we were not able to achieve better than 90% reconstitution (Fig. 5B, open  circles) . Similarly, regeneration of rhodopsin was also incomplete in 20 mM Tris-HCl buffer in a 6.5-8.0 pH range (data not shown). The lipid environment in which rhodopsin is solubilized has long been known to affect its regenerability (Henselman & Cusanovich, 1976) ; these data suggest that additional factors affect the regenerability of mouse rhodopsin in vitro. A second unexpected finding was that exposure of a preparation of rhodopsin to excess 11-cis retinal in EtOH resulted in a detectable loss of rhodopsin (Fig. 5B , filled point at 42 min). As this loss did not occur when the sample was exposed to the EtOH vehicle alone, it appears to be caused by the retinal itself. A possible detrimental action of long-term exposure to excess 11-cis retinal, and the time course of regeneration led us to set the incubation time for the reaction to 30 min.
Parameters of the ERG in pigmented (C57B1/6) and albino(129P3/J) mice
A number of studies by T. P. Williams and his colleagues and collaborators have shown that light-rearing conditions that produce no retinal damage nonetheless affect the properties of the rod photoreceptors, including outer segment length, expression of various proteins including rhodopsin, and the magnitude of the rod circulating current (Williams & Thistle, 1998) . As most of these studies were done with rats, we felt it useful to inquire as to how the electrical properties of the mouse retina were affected by light rearing. Moreover, since there are well known ''strain dependencies'' in many features of the mouse nervous system, including the retina (see, for example, www.informatics.jax.org/ menues/strain_menu.shtml), we undertook to investigate the effects of light-rearing conditions on the electrical function of two commonly used strains, C57B1/6 and 129P3/J. The protocols used to extract quantitative parameters of the ERG are illustrated in Figs. 6 and 7. The amplitude parameters extracted are the saturated amplitude of the a-wave (a max ; Fig. 6A ), the amplitude of the total b-wave (b max,total ; Fig. 6A ), the saturating amplitude of the scotopic b-wave (b max,rod ; extracted from data such as in Fig. 6B ) and the saturated amplitude of the cone-driven b-wave (b max,cone ; Fig. 7) . The sensitivity parameters extracted with the protocols are the amplification constant of the rod a-wave (A 0 , A; see Section 2, Eq. 4), the intensity that half-saturates the rod-driven b-wave (I 1/2 ; see Section 2, Eq. (3) Rhodopsin is resistant against hydroxylamine/CTACl combination. Two retinas from a fully dark-adapted mouse were sonicated in 2 ml of deionized water, hydroxylamine and CTACl were added to final concentrations of 100 mM and 0.2%, respectively, and the preparation divided into six aliquots. After incubation at 37°C for the specified time intervals, the concentration of rhodopsin in each aliquot was measured as illustrated in Fig. 1A. (B) 30 min incubation with 20 lM 11-cis retinal does not destroy rhodopsin. The retinal preparation from fully dark-adapted mice was divided into four aliquots. Rhodopsin concentration in one of them (control) was measured immediately. An ethanol solution of 11-cis retinal or equal volume of ethanol was added to the other aliquots and they were incubated at 37°. While 30 min incubation did not affect rhodopsin, by 40 min a detectable degradation was observed. This degradation was not caused by ethanol present in the preparation. Each point represents average and standard deviation of 6-8 experiments. (C) Time course of opsin recombination with 11-cis retinal (20 lM) at 37°C in deionized water and PBS. Each point gives the means ± SD of 4-8 experiments.
see Section 2, Eq. (7)). Tables 2 and 3 summarize the values of these parameters extracted from applying the ERG protocols of Figs. 6 and 7 to populations of C57B1/6 and 129P3/J mice of 4, 8 and 26 weeks of age reared in 2.5 lux illumination.
The amplitude parameters of the C57B1/6 mice are substantially larger than those of the 129P3/J. Thus, considering the weighted averages (final columns in Tables 2 and 3) , a max , b max,total , b max,rod , and b max,cone are 2-, 1.7-, 2.6-and 1.1-fold larger in the C57B1/6 population than in the 129P3/J population. Caution needs to be exercised in comparing the absolute magnitudes of the ERG components between different labs, because variation in the kind and placement of electrodes (in particular, the reference electrode), affect the magnitude in understandable way (cf. Pugh et al., 1998) . However, the comparisons made here are between two strains of mice whose ERGs were measured under exactly the same conditions.
The sensitivity parameters of the rod-driven components of the ERG differ in the two populations in the manner largely expected from the bleaching data of Fig. 4 : thus, considering the weighted averages, the sensitivity of the rod a-wave (A 0 ) is 2.3-fold higher, and the sensitivity of the rod b-wave 2-fold higher in the 129P3/J (albino) animals than in the C57B1/6, as compared with 3.4-fold predicted from the bleaching data.
The sensitivity of the cone-driven b-wave is also higher in the albino strain: in the weighted average, S UV is 3.5-fold higher, but S M only 1.6-fold higher in the albinos.
Effect of illumination level on the retinal function
To our knowledge are no published investigations of the influence of ambient light rearing intensity on the functionality of the mouse visual system. We raised groups of pigmented (C57B1/6) and albino (129P3/J) mice under two level of ambient illumination, 2.5 and 100 photopic lux. The 2.5 lux photopic lux level represents an intensity expected for a mammal with a largely nocturnal lifestyle; for the C57B1/6 mice, it should produce about 9-10 photoisomerizations rod À1 s À1 , which is a comfortable level for scotopic vision. The ''bright'' level represents the illumination level of a typical animal care facility, somewhat dimmer than the typical human workplace. Fig. 8 compares the main ERG amplitude parameters for animals raised for 26 weeks under 2.5 and 100 photopic lux illumination. For the C57B1/6, rearing at the higher illumination level results in reliable reduction in the amplitudes. Strikingly and much to our surprise, exactly the opposite is found with the for the 129P3/J mice: all of the amplitudes were reliably increased by rearing in the 100 lux rearing condition. This result is all the more striking, in that our results lead us to estimate that the albino mice are receiving 78-fold higher retinal illumination and thus presumably rod stimulation than the C57B1/6 mice under both conditions (see Section 2.4). Perhaps most surprising of all--and completely unexpected--a max the saturating a-wave amplitude, is reliably larger in the 129P3/J mice reared in 100 lux illumination than in the C57B1/6 mice reared in the same conditions. This surprising effect can be summarize as saying that there appears to be an ''interaction effect'' between mouse strain and light rearing on rod photoreceptor function. Statistical analysis with a 2-way ANOVA (strain · light-rearing condition) indicates that the interaction effect is not statistically significant, however (p < 0.25).
Discussion
Conversion of ganzfeld luminance to photoisomerizations per rod
We have quantified the relation between luminance of a ganzfeld light stimulus and the rate of photoisomerizations in the rods a direct way: by measuring the rate of rhodopsin bleaching in situ. We obtained the following conversion factors.
Pigmented mice with fully dilated pupils. In a ganzfeld a stimulus of luminance of 1 scot cd m À2 produces a fractional rhodopsin bleach rate of 8.3 · 10 À6 s À1 . For a fully dark-adapted mouse having 7 · 10 7 rhodopsin molecules per rod, a target of luminance 1 scot cd m À2 is thus predicted to generate to 8.3 · 10 À6 · 7 · 10 7 = 581 photoisomerizations rod À1 s À1 . The fully dilated pupil of an adult C56B1/6 mouse has an average The table gives the mean and standard deviation of parameters extracted from the ERGs (see Figs. 6 and 7) of a population (N) of mice of the age indicated by the first row. The first column gives the measured or derived parameter and its physical unit: b max,total is the maximum amplitude of the total (rod + cone) b-wave of the dark adapted mouse in response to intense flash, measured from the minimum of the saturated a-wave to the maximum positive deflection; a max is the saturated amplitude of the a-wave; the amplification parameters A 0 and A of the a-wave are described in Section 2 (Eq. (3)); b max,rod is the saturated amplitude, and I 1/2 the flash intensity that produces a half-saturate response, of the scotopic b-wave (Eq. (2)); U 1/2 is the halfsaturating intensity expressed in photoisomerizations; b max,cone is the saturated amplitude of the cone-driven b-wave; S UV is the sensitivity of the normalized cone-driven b-wave to ultraviolet (360-365 nm), and S M the sensitivity to mid-wave (ca. 510 nm), flashes, with the flash intensity expressed as photons lm À2 and the mid-wave flash intensities were 2540, 5080 and 10,600 photons m À2 , each trace is the average of 9 individual responses. The top trace in each column is identical, and is the saturating cone response, obtained in response to a white flash estimated to isomerize $1% of the M pigment, and $0.09% of the UV pigment. The thickened gray traces were obtained by digital low-pass filtering the averaged responses. Relative cone b-wave sensitivity was computed by dividing of the peak amplitudes of the filtered responses by the flash intensities and by the saturating response amplitude, as described in Section 2 (Eq. (6)). area of 3.2 mm 2 . However, the normal C56B1/6 mouse pupil constricts to an area of 0.1 mm 2 in a manner steeply dependent on luminance (Pennesi et al., 1998) and can thus diminish the retinal illuminance by more than 20-fold.
Albino mice with fully dilated pupils. A ganzfeld stimulus with a luminance of 1 scot cd m À2 produces a fractional rhodopsin bleach rate of 2.8 · 10 À5 s À1 in the 129P3/J mouse, and so produces 1960 photoisomerizations rod À1 s À1 in a rod with 7 · 10 7 rhodopsin molecules. Thus, the retina of an albino mouse receives 3.4 times more stimulation than the retina of a pigmented mouse under the same illumination conditions. Though for sake of consistency we dilated the pupils of the albino mice in the same manner as those of the pigmented mice, it is likely that for their almost perfectly transparent eyes pupil dilation does not substantially change the amount of light reaching the retina. In comparing the stimulation of pigmented and albino animals under conditions when the pupil can contract, it is useful to keep in mind the difference that the effective absence of a pupil makes for the latter. Thus, at a luminance level such as 10 scot cd m À2 that causes complete constriction of the pupil, its are a is reduced to 0.1 mm 2 in the C57B1/6 mouse (Pennesi et al., 1998) , whereas in the 129P3/J mouse the effectively transparent pupil area should always remain close to 9 mm 2 . The rods of the albino retina will then be undergoing a nearly 90-fold higher rate of photoisomerizations.
Comparison with other estimates of the conversion factors for mouse . The conversion factor CF Td = 181 photoisomerizations rod À1 s À1 estimated from our bleaching measurements (Fig. 4) is reasonably close to that (CF Td = 122) estimated by Sazik et al. (2002) , and that (CF Td = 161) derived here ''from first principles''. For a C57BL/6 mouse with a dilated pupil of area of 3.2 mm 2 , these values are consistent with a conversion factor CF I = 490 to 580 photoisomerizations rod À1 s
À1
(scot cd m À2 ) À1 . Hetling and Pepperberg (1999) estimated that 1 scot cd m À2 produces 100 photoisomerization rod À1 s À1 , about 4-to 5-fold lower.
Comparison with the light-dependence of bleaching of human rhodopsin
In measurements of the bleaching of human rhodopsin with retinal reflection densitometry, the fraction rhodopsin bleached by brief exposures to lights of varied intensity is usually plotted as a function of the timeintegrated retinal illuminance and analyzed as in Fig.  4C with Eq. (12b) (Alpern, 1971; Pugh, 1975; Rushton & Powell, 1972) . For human rhodopsin bleaching in situ Q e % 10 7 scot Td s, much higher than in mouse. a max and b max,cone ) for populations reared under 2.5 lux (black bar) and 100 lux (white bar). Pairwise t tests were performed for each parameter, comparing the effects of the two light-rearing conditions. All the paired comparisons are significantly different; the significance levels are given above the bars. The entries in the table are described in the notes to Table 2. In the conversion of flash intensities to photoisomerizations, which affects the estimates of A and U 1/2 the assumption was made that the effective pupil area is three-fold larger (based on analysis of results of Fig. 4 À1 with an analysis similar to that presented here for mouse.) These values, CF Td = 7-9 for humans, are to be compared with the estimates CF Td = 120-180 for mice. The largest factor contributing to the difference in the conversion factors of mice and humans is the size of the eye: thus, the posterior nodal difference is about 10-fold smaller in mice (1.72 mm at 488 nm; Remtulla & Hallett, 1985) vs. 16.7 mm in human, so that an equivalent amount of light passing the human and murine pupils is spread over an $100-fold smaller surface area on the mouse retina. Also likely contributing to the difference are relatively higher losses in the human pre-retinal ocular media.
Inhomogeneity of retinal illumination in a ganzfeld
While the use of homogeneous ganzfeld illumination is standard for the measurement of full-field ERGs, it is nonetheless true that ganzfeld illumination does not produce homogeneous retinal illumination. One reason for this is that the pupil cross-sectional area declines with the angle from the perpendicular to the pupil, roughly as the cosine of the angle. The consequences of this decline are non-trivial: thus, the peripheral retina, which is situated near the equator of the eyeÕs globe (cf. Fig. 1 ), receives much less light per unit area, and were a cosine correctly strictly applicable, would receive no light from the periphery. Moreover, while the light intensity per unit retinal surface area is declining as a function of the angle from the perpendicular to the pupil, the surface area (per unit change in the same angle) is rising. Applying a cosine correction, it can be shown that the average retinal illuminance produced by ganzfeld illumination is actually 1/2 that produced in the central retina.
The problem of inhomogenous illumination in a ganzfeld cannot be readily overcome. In the approach that we have adopted for computing retinal illuminance (Eq. (7)), the light that enters the pupil is ''averaged'' over the whole retina surface area. Although this approach does not remove the inhomogeneity, it does assign to the local retinal illuminance at each point the overall average. Were one instead to assign to the local illuminance the ''Troland'' value obtained by multiplying the ganzfeld luminance by the pupil area, one would be assigning the maximum value, which is only achieved in the central retinal.
Implications for cone stimulation
It is not possible to study the bleaching of murine cone pigments due to the small fraction of cones (ca. 3%) (Carter-Dawson & LaVail, 1979) . Nevertheless, our data on relative pigment bleach rates in C57B1/6 and 129P3/J mice allow us to compare sensitivities of cone-driven components in the ERG of pigmented and albino animals. Assuming that the transmissivity of the pre-ocular media is the same in the pigmented and albino strains and relatively ''flat'' across the spectrum, at the same intensity of the stimulus the retina in the albino animal will receive $3-fold more light. So when comparing sensitivities of cone-driven responses in pigmented and albino mouse strains a correction factor of about 3-fold should be applied.
Strain differences in components of the electroretinogram
Our results show that C57B1/6 and 129P3/J mice reared at 2.5 lux have reliably different amplitudes for the principal components of the ERG (Tables 2, 3) , typically about 2-fold larger (a max , b max,total , b max,rod ). As these parameters are thought to be proportional to the maximal generator currents of the rods, the total population of on-bipolars, rod bipolars and cone on-bipolars, respectively (Lyubarsky et al., 1999; Pugh et al., 1998; Sazik et al., 2002) , these results suggests that the rods and rod-bipolars may be downregulated in the albino strain. In interpreting this as a possible downregulation of rod-driven signals, we emphasize that 129P3/J mice are expected to receive about 80-to 90-fold higher stimulation of their rods than the C57B1/6 mice (see Section 2.4), and moreover that the even the dimmer, 2.5 (photopic) lux illumination is predicted to generate in the albino mice 0.5 scot cd m À2 · 1650 = 825 photoisomerizations rod s À1 , which should keep the rods close to saturation (Aguilar & Stiles, 1954; Baylor et al., 1984) . Interestingly, the cone-driven b-wave, represented by b max,cone is almost the same in the two strains.
Effects of light rearing levels on mouse retinal function
Shortening of the rod outer segments, decrease in the rhodopsin content and decrease in the magnitude of the saturated amplitude of the a-wave are known effects of non-damaging rearing illumination level in albino rats (Penn & Williams, 1986; Reiser et al., 1996; Williams & Thistle, 1998) . Our results contribute to this list of effects, and show that light of the intensities used in the human workplace lead to a reduction of the amplitudes of the principal ERG components of the most commonly used mouse strain, C57B1/6. Surprisingly, the effects of illumination were opposite for the two strains of mice: thus, the higher rearing illumination led to a decrease in the magnitudes of all the major components of the ERG for the C57B1/6, but caused them to increase in the 129P3/J mice (Fig. 8) . The increase in ERG magnitude of a max the saturating amplitude of the a-wave, in 129P3/J mice at the higher illumination level is opposite to the effect a max in albino rats reared under 200 lux illumination (Reiser, Williams, & Pugh, 1996) . Strain dependencies in light rearing may lead to clues about genes that are up-or down regulated in response to light and which affect the overall health and function of retinal cells under different conditions. Since a max is directly proportional to the massed rod circulating current, the differential effect of light rearing in the two strains suggests that genes in the rods themselves, or perhaps in neighboring cells such as RPE and/or Mü eller cells, have been altered in a differential manner, with the 129P3/J mice the better for it. An interesting alternative explanation is that the albino mice, which have the Leu450 variant of Rpe65 and a 3-fold faster rhodopsin regeneration rate than C57B1/6 mice, which have the Met450 variant , may more readily handle side effects of the chromophore byproducts generated by the light-rearing conditions.
